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Abstract: Although it is widely recognized that regular physical activity is associated with a variety of health-related benefits in youths, the extent to which vigorous physical activity, as opposed to moderate or light physical activity, may be especially beneficial for youths is not completely understood. This review will examine the evidence for the efficacy of vigorous physical activity for promoting the well-being of youths as indicated by body composition, physical fitness, cardiometabolic biomarkers, and cognitive function. Potential caveats associated with the promotion of vigorous physical activity among youths will also be discussed, as will the inclusion of vigorous physical activity in current recommendations by national organizations for physical activity among youths.
Keywords: children; physical activity intensity; cardiometabolic risk I t is widely understood that regular physical activity (PA) has many beneficial effects on the well-being of youths. [1] [2] [3] Less well understood is the precise dose of PA for optimizing these beneficial effects. PA intensity is an important component of PA dose, along with frequency and duration. 4 As with adults, PA intensity with children is often categorized as being light, moderate, or vigorous, 4 with a number of researchers suggesting that vigorous PA (VPA) may be especially beneficial for youths. [5] [6] [7] The purpose of this review is to examine the relationship between VPA and the beneficial effects that accrue to youths regularly engaging in VPA. Of particular interest will be studies that reported data on both VPA and moderate intensity physical activity (MPA), given that national recommendations for PA among youths typically address both VPA and MPA. 8, 9 Since relatively few of the studies that included both VPA and MPA were specifically designed to compare VPA and MPA, issues such as the length of training interventions and volume of VPA and MPA will need to be kept in mind when assessing the relative effects of VPA and MPA on health outcomes.
The review will focus on VPA as related to 4 domains of well-being in youths: body composition, physical fitness, cardiometabolic biomarkers, and cognitive function. Although we will include evidence from cross-sectional and prospective cohort studies, greater weight will, in general, be given to the results of randomized controlled trials. At the same time, during our discussion of VPA and cardiometabolic biomarkers, we will suggest that data from observational studies can contribute in an important way to our understanding of the VPA-cardiometabolic biomarker relationships. We will also discuss the potential hazards associated with VPA in terms of increased injury risk or lessened exercise adherence. Finally, we will examine the extent to which current PA recommendations for youths from national organizations reflect the scientific literature relative to VPA. The Case for Vigorous Physical Activity in Youth
As with adults, PA [physical activity] intensity with children is often categorized as being light, moderate, or vigorous . . . vigorous PA may be especially beneficial for youths.
Identification of relevant articles for the current review began with a close reading of the excellent recent review by Parikh and Stratton, 6 which also examined the influence of PA intensity on health-related variables in children. From that starting point, we searched the PubMed database from 2011 to 2015 using the keywords shown in Figure 1 , which generated an initial pool of 65 potentially relevant articles and associated reference lists. Ten articles from the pool of 65 were eventually included in the review (see Tables 1-4) , with the remaining articles being identified by the authors from the article reference lists and their own knowledge base of this topic. Final inclusion of articles was by consensus of the authors.
We begin the review with a brief overview of how PA intensity has been expressed in the professional literature.
Expressing Physical Activity Intensity
PA data among youths have been derived from a variety of sources, including self-report questionnaires, 10 direct observation, 11 assessment of bodily movement using pedometers or accelerometers, 12 and by capturing physiologic responses such as heart rate and oxygen consumption during movement activities. 13 The duration and frequency components of PA dose can be expressed in a relatively straightforward manner, with duration expressed in some unit of time such as minutes of PA per session, per day, or per week or, in longitudinal studies, as the number of weeks or months of training. Frequency of PA is typically expressed as days per week. Expressing the intensity component of PA is more varied and challenging. Commonly used expressions of PA intensity in youths include percentage of maximal oxygen consumption, 14 percentage of maximal heart rate, 15 body displacement per unit of time, 11 steps per unit of time, 16 acceleration counts per unit of time, 12 caloric expenditure, 7 METs, 17 ratings of perceived exertion, 18 ground impact forces, 19 and, in resistance training scenarios, percentage of one repetition maximum (1 RM) . 20 In the studies included in this review, PA intensity was most frequently derived from accelerometry and expressed as counts per minute (cpm). A threshold, or cpm cutpoint, was then established to distinguish VPA from MPA. After an extensive review of the accelerometer cutpoint literature, Trost et al 21 recommended that researchers utilize the accelerometry cutpoints developed by Evenson et al 22 due to their superior overall accuracy and ability to perform well among children of all ages. The Evenson cutpoints categorize accelerometer cpm of between 2296 and 4011 as MPA and cpm ≥4012 as VPA. 22 By way of reference, youth activities such as brisk walking (3 mph), dribbling a basketball, and stair climbing would be classified as MPA using the Evenson cpm cutpoints, whereas running at ≥4 mph and doing jumping jacks would be classified as VPA. 22 As we proceed through the review, we will identify how VPA was defined in the various studies and, if included, how MPA was distinguished from VPA. We will also comment on the extent to which the varying cutpoints affect our understanding of the role of VPA on the components of well-being presented.
VPA and Body Composition
Three elements of body composition (adiposity, muscle mass, and bone) will be examined here as related to VPA in youths. Relative to VPA and adiposity, we acknowledge the 2011 review by Parikh and Stratton, 6 which examined the relevant literature from 1999 to 2009. Our review will expand on their work by including relevant studies published since 2009 and by including information on VPA as related to muscle mass and bone health.
VPA and Adiposity
In their 2011 review, Parikh and Stratton 6 concluded that time spent in higher intensities of PA was the most significant predictor of indices of adiposity in youth. Studies published since that review tend to support that conclusion. For example, in a crosssectional analysis of data from 605 youths aged 9 to 17 years from the Healthy Hearts Prospective Cohort Study, Hay et al 12 examined associations between PA intensities and several body composition outcomes including waist circumference and body mass index (BMI) z-score. PA was obtained from 7 days of accelerometry and divided into tertiles of light, moderate, and vigorous intensity based on accelerometer cpm where light PA = 100 to 1499 cpm, moderate PA = 1500 to 6499 cpm, and vigorous PA = >6500 cpm. Only VPA was consistently associated with lower levels of waist circumference and BMI z-score. Achieving more than 7 minutes per day of VPA was associated with a reduced adjusted odds ratio of being overweight. Laguna et al 23 cross-sectionally analyzed PA and adiposity data from 439 Spanish youths aged 8 to 10 years participating in the European Youth Heart Study and reported that minutes per day of VPA was a better predictor of risk for excess body fat than was MPA. MPA was defined as 2000 to 2999 cpm, whereas VPA was defined as accelerometer cpm between 3000 and 4499. Thirty-six minutes per day of VPA was identified as the cutpoint for avoiding excess body fat. Sayers et al 24 conducted a crosssectional analysis of 1748 boys and girls (mean age = 15.5 years) participating in the Avon Longitudinal Study and reported that VPA, but not MPA, was inversely related to fat mass as measured by dual-energy x-ray absorptiometry (DXA). MPA was defined as 3600 to 6199 accelerometer cpm and VPA was defined as >6200 cpm.
In a prospective cohort study, Cohen et al 25 analyzed PA and body fat data collected during 8th and 10th grade from 265 adolescent girls. MPA was defined as accelerometer counts between 3000 and 5200 cpm, whereas VPA was defined as >5200 cpm. Across the assessment period, increased VPA, but not MPA, was associated with reduced body fat. Every additional minute of increase in VPA was associated with a 0.1% decline in body fat. Carson et al 26 prospectively analyzed PA and body composition data across 2 years in a group of 315 youth aged 9 to 15 years at baseline. MPA was defined as accelerometer counts between 1500 and 6499 cpm, while VPA was defined as >6500 cpm. Waist circumference and BMI z-score were the main body composition outcomes of interest. Favorable temporal associations were observed between VPA and waist circumference and BMI z-score. A favorable temporal association was also observed between MPA and waist circumference, but not between MPA and BMI z-score.
While the results of these recent descriptive studies suggest a favorable association between VPA and adiposity in youths, it is also possible that the correlations may not entirely be the result of cause-effect relations but rather reciprocal causation; that is, VPA may cause reduced adiposity, and excess adiposity (perhaps caused by genetics) may cause less VPA. As such, data from controlled interventions help clarify the nature of the VPA-adiposity relationship.
In a controlled intervention, Racil et al 27 randomly assigned 34 obese adolescent females to 12 weeks of high-intensity or moderate-intensity interval training or to a nonexercising control group. The high-intensity group trained at 100% to 110% of maximum running speed as determined during a peak VO 2 treadmill test, while the moderate-intensity group trained at 70% to 80% of maximal running speed. Interval training sessions were held on 3 nonconsecutive days per week on an outdoor running track. Posttraining decreases in percentage body fat were significantly greater in the high-intensity group than in the moderate-intensity group. Waist circumference decreased significantly only in the high-intensity training group. The authors also noted that the training load was greater in the high-intensity group and this may have contributed to the greater improvements in some variables. On the other hand, it has also been shown that when training volumes were equated, high-intensity interval training appeared to be more effective at reducing body mass. 28 Howe et al 29 randomized 106 boys aged 8 to 12 years to either a 10-month after school PA program or to a control group that did not attend the after school program. The PA group engaged daily in skills development (25 minutes), VPA (35 minutes), and 20 minutes of strengthening and stretching activities. Participants in the after school program wore heart rate monitors each day and were asked to maintain heart rates of at least 150 bpm during the VPA activities. The heart rate data provided an index of relative intensity for the individual as opposed to an accelerometry cutpoint, which applies the same intensity cutpoint to all children. Amounts of daily MPA and VPA were derived from assessment of 7-day PA recall. A significant correlation was observed between exercise heart rate and decrease in % body fat (r = −.43, P = .02).
Lau et al 30 randomized 48 overweight children (mean age = 10 years) to high-intensity running, lower-intensity running, or a nonrunning control group and examined the impact of 6 weeks of intermittent run training on the sum of skinfolds. The high-intensity program involved running at 120% of the individually determined maximal aerobic running speed (determined during an initial intermittent aerobic endurance test), while the lower-intensity program had participants run at 100% of their individual maximal aerobic running speed. The control group did no scheduled training. In the intervention groups, the training consisted of running for 15 seconds at one's designated percentage of maximal aerobic running speed, followed by a 15-second recovery period. To equate the total distance run per training session, the lower-intensity group completed 16 intervals, for a total of 8 minutes of running, while the high-intensity group completed 12 intervals, for a total of 6 minutes of running. Both intervention groups trained 3 days per week. Following training, the sum of skinfolds decreased significantly more (−12%) in the high-intensity group than in the lower-intensity group (−0.5%) or the control group (+8.0%). The authors also noted the time-efficiency aspect of high-intensity interval training, which involved only 18 minutes per week of actual running, and suggested such training may provide an attractive exercise alternative for youth. Since the distance run per training session was equated in this study, the results provide support for the notion that VPA has unique positive benefits apart from considerations of training volume.
Lee et al 31 ). The resistance training group participated in three 60-minute training sessions per week that included a series of 10 whole-body exercises in which they performed 2 sets of each exercise to the point of fatigue. Total adiposity (in kg) decreased significantly and similarly in the 2 groups (aerobic exercise, −3.0 ± 0.8; resistance exercise, −2.5 ± 0.8). Thus, no evidence was provided that the higher intensity of the resistance exercise was especially efficacious compared to the moderate-intensity aerobic exercise.
Based on the available research from cross-sectional, prospective cohort, and controlled intervention studies, a relatively consistent pattern has emerged suggesting that VPA of an aerobic nature provides adiposity-related benefits to youths over and above those obtained from moderate or light aerobic PA. See Table 1 for a summary of these studies. It should be added that the training interventions associated with these studies tended to be relatively short (6-12 weeks). It may be that the benefits of VPA appear more rapidly than those associated with MPA, but with MPA providing comparable benefits over time. Interventions of longer duration will be needed to address this issue. Nonetheless, at least 2 researchers attempted to quantify the adiposityrelated advantages of VPA over MPA on a per-minute basis. Based on their cross-sectional data from 251 children 8 to 10 years of age, Wittmeier et al 7 reported that 45 minutes of MPA per day were needed to see the same benefits associated with just 15 minutes per day of VPA in terms of reduced body fat and BMI. Steele et al 32 reported that 6.5 minutes of daily VPA were associated with a reduction in waist circumference of 1.32 cm, whereas 13.6 minutes of daily MPA were associated with a reduction in waist circumference of only 0.49 cm. In other words, 1 minute of VPA appears to be worth at least 2 to 3 minutes of MPA in terms of body composition benefit.
VPA and Muscle Mass
While most studies addressing issues of body composition in youths focus on measures of adiposity, muscle mass is an important contributor to health risk as well. 31 In the study mentioned above by Sayers et al 24 involving the crosssectional analysis of 1748 boys and girls (mean age = 15.5 years) participating in the Avon Longitudinal Study, VPA was positively associated with lean mass (β = 0.038, P = .0001), whereas MPA showed little association with lean mass (β = −0.006, P = .5429). In the study by Lee et al, 31 which compared the effects of 3 months of aerobic versus resistance training in 45 obese adolescent boys, total skeletal muscle mass increased significantly in the resistance exercise group but not in the aerobic exercise group. This is consistent with the idea that taking the muscle to momentary failure, which indicates a very high intensity, is especially effective in enhancing muscle mass.
In light of the relatively small number of studies involving muscle mass, it cannot be concluded at this time that VPA is superior to MPA for enhancement of muscle mass among youths.
VPA and Bone Health
Several recent reviews have examined the association between PA and bone health among youths. [33] [34] [35] [36] Broadly speaking, they concluded that weightbearing activities during the growing years are effective for promoting bone health. More specifically, it appears that vigorous weight-bearing activities (typically referred to as "high-impact" activities in bone health studies) during youth are more effective for promoting bone health than moderate ("lowimpact") weight-bearing activities. For example, Winther et al 37 conducted a population-based survey of more than 1000 Norwegian adolescents to identify predictors that may influence the acquisition of peak bone mass at the femoral neck. Bone mineral density (BMD) was determined using DXA. Questions regarding PA identified type and frequency of PA as well as 4 intensity categories including sedentary, moderate, recreational sports, and hard training. Boys and girls who reported hard training had a 1 standard deviation higher BMD at the femoral neck than did sedentary participants. Using data from the Avon Longitudinal Study, Sayers et al 24 reported that day-to-day VPA was positively associated with indices of bone mineral content and geometry in adolescents, whereas light or moderate PA had no detectable associations. The results prompted the authors to suggest that promoting PA during childhood is unlikely to benefit skeletal development unless high-impact activities are increased. Sardinha et al 38 crosssectionally analyzed relationships between accelerometer-derived PA intensity and indices of femoral neck strength in 293 boys and girls (mean age = 9.7 years). MPA was defined as 2001 to 3999 cpm, while VPA was defined as >4000 cpm. VPA emerged as the main PA predictor of femoral neck strength. Daily VPA of at least 25 minutes was associated with better femoral neck bone health in children. In support, Tan et al 36 noted that of the 13 observational studies they reviewed regarding associations between organized sports participation and bone strength, all 13 showed a positive association. That is, young athletes had significantly greater bone strength than nonathletes across various measurement sites (proximal femur, tibia, radius, humerus, lumbar spine) and across all maturity groups.
In a controlled, school-based study, Weeks et al 39 randomized 99 adolescents to intervention and control groups for 8 weeks. Intervention group participants substituted 10 minutes of jumping activity for normal PE warm-up activities, while the control group maintained normal PE warm-up activities. Jumping activities were designed to apply high strain loads to the skeleton and included jumps, hops, squat-jumps, lunges, and skipping. After 8 weeks, participants in the intervention group gained significantly more bone mass at the femoral neck, trochanter, and calcaneus than the controls. In another controlled, school-based study, Macdonald et al 40 randomly assigned 202 boys (aged 9-11 years) to intervention and control groups with the boys in the intervention group participating in a bone loading program not provided to the control group. The bone loading program consisted of 2 components: a "15 × 5" component that included 15 minutes 5 days per week of activities such as skipping, dancing, playground circuits, and resistance exercises with elastic bands and a "Bounce the Bell" component that consisted of a simple jumping activity that required students to perform either counter-movement jumps or side-to-side jumps 3 times per day, 4 days per week. Control participants engaged in normal physical education activities during two 40-minute physical education classes per week. Peripheral quantitative computed tomography showed that the 16-month intervention effectively increased bone strength of the tibia to a greater extent in the intervention group than in the control group. See Table 1 for summary of bone health studies.
As for possible sex differences, Tan et al 36 noted in their review that although some adaptations in bone structure and strength related to PA were sex-specific, PA was generally associated with improved bone strength in both boys and girls. It also appears that prepuberty and peripuberty may be the most opportune time for boys and girls to enhance bone strength through PA. 33, 36 Although the minimum necessary dose of PA to bring about improved bone health among youths is yet to be determined, it was noted that controlled studies that reported positive bone strength outcomes among children implemented weight-bearing PA programs with ground reaction forces 3 to 5 times body weight for a minimum of 7 months, 1 to 12 minutes per session and 2 to 12 sessions per week. 36 Although there is less research on PA intensity and bone health than on PA intensity and adiposity, the existing data from cross-sectional studies and controlled interventions consistently point to bone health advantages for youths engaged in high-impact as compared to moderate or low-impact activities.
VPA and Physical Fitness
In this section, we examine VPA and 2 health-related components of physical fitness, that is, aerobic capacity and muscle fitness (muscular strength and muscular endurance). Again, we acknowledge the 2011 review by Parikh and Stratton, 6 which examined VPA and aerobic fitness based on the literature between 1999 and 2009. They concluded that although a relationship between aerobic fitness and VPA was evident, it appeared to be less clear than the relationship between VPA and adiposity. Our review will expand on their work by including relevant studies published since 2009 and by including information on VPA and muscle fitness.
VPA and Aerobic Capacity
In their cross-sectional analysis of 605 youth aged 9 to 17 years from the Healthy Hearts Prospective Cohort Study, Hay et al 12 found that aerobic capacity increased in a dose-response manner across tertiles of VPA, whereas varying amounts of light and moderate PA were not associated with aerobic capacity. The authors also noted that improved aerobic fitness was observed in overweight and obese participants, indicating that VPA can be achieved by this high-risk group. Moore et al 41 examined associations between aerobic fitness and sedentary time, MPA, and VPA in a group of 285 middle school students who wore accelerometers for 7 consecutive days. PA cutpoints were 2296 to 4011 cpm for MPA and ≥4012 cpm for VPA. CPM of <100 were classified as sedentary time. Regression analysis indicated that sedentary time and MPA did not contribute meaningfully to aerobic fitness after VPA was included in the model, prompting the authors to suggest that public health messages should stress the promotion of VPA to promote cardiorespiratory health among youth.
In the prospective study by Carson et al, 26 mentioned earlier, it was found that follow-up aerobic capacity increased among 315 Canadian youths after 2 years in a dose-response manner across quartiles of VPA, as assessed by accelerometry, but not across quartiles of MPA. The authors suggested the data provide important temporal evidence of the beneficial health outcomes associated with the time youths spend engaging in VPA.
Recent controlled interventions have less consistently shown VPA to be superior to MPA for improving aerobic capacity among youths. For example, in the high-intensity versus lower-intensity running study by Lau et al, 30 although 6 weeks of training by participants in the high-intensity group increased the amount of distance covered during the endurance test by 21% compared to the 10% increase experienced by the lower-intensity training group, the percent differences were not statistically significant. In the interval training study by Racil et al, 27 mentioned above, both the high-intensity and the moderateintensity training groups increased VO 2peak significantly following 12 weeks of interval training with no significant difference between the groups. Along the same lines, Buchan et al 14 reported that both high-intensity interval training and more traditional aerobic training (20 minutes at 70% of VO 2max ) increased aerobic fitness by approximately the same amount in 47 adolescents following 7 weeks of training. Again, the authors noted the high-intensity group achieved its results with a much shorter time commitment.
In another controlled intervention, Corte de Araujo et al 42 randomly assigned 30 obese children to 12 weeks of either high-intensity interval training or continuous endurance training. High-intensity training consisted of 3 to 6 sets of 60-second sprints at 100% of peak running speed interspersed by 3 minutes of active recovery. The endurance training group performed 30-to 60-minute continuous exercise sessions at 80% of peak heart rate. Aerobic capacity was assessed with a maximal treadmill test. Both groups trained 2 days per week. The results indicated that the 2 training methods were equally effective for improving aerobic capacity. Again, the authors noted the high-intensity training involved a substantially smaller (70%) time commitment and that high-intensity exercise was well tolerated by obese children. Baquet et al 43 (2010) randomized 63 children (mean age = 9.6 years) to 1 of 3 groups including intermittent run training, continuous run training, or control group. The 2 run training groups trained 3 days per week for 7 weeks. Intermittent training consisted of short sprints at 100% to 190% of maximal running speed as determined during an aerobic fitness treadmill test. Recovery periods of 15 to 30 seconds followed each sprint. Continuous run training involved runs lasting between 6 and 20 minutes at 80% to 85% of maximal running speed. After training, VO 2peak was significantly increased by +4.8% in the intermittent run training group and by +7.0% in the continuous run training group with no significant difference between the groups.
The results of the studies in this section indicate that VPA is effective for increasing the aerobic capacity of youths. Cross-sectional and prospective cohort data suggest increases in aerobic capacity are more likely to occur in association with VPA rather than MPA. Recently published randomized controlled trials indicate that VPA is as effective as, but not necessarily superior to, MPA for improving aerobic fitness among youths. VPA appears to have the advantage of time efficiency for achieving aerobic training results, which may be an important consideration where children are involved. See Table 2 for study summaries.
VPA and Muscle Fitness
Research comparing VPA and MPA relative to muscle fitness in youths is much less extensive than research examining differences in aerobic fitness. In a controlled intervention, Tjonna et al 15 randomized 54 overweight male and female adolescents to either twice weekly supervised vigorous intensity interval training or a multidisciplinary intervention consisting of exercise, dietary, and psychological advice. The vigorous intensity interval training sessions consisted of 4 segments of walking or running uphill on a treadmill for 4 minutes at 90% to 95% of maximal heart rate followed by 3 minutes of active recovery at 70% of maximum heart rate before proceeding to the next segment. With inclusion of a 10-minute warm-up and 5-minute cool-down period, the total duration of each training session was 40 minutes. Improvements in maximal leg strength (1 RM) were not significantly different between the aerobic interval training group and the multidisciplinary training group. In the study by Lee et al 31 that compared the effects of 3 months of aerobic versus resistance training in 45 obese adolescent boys, chest press and leg press strength increased significantly in the resistance exercise group but not in the aerobic exercise group. See Table 2 for study summaries. That resistance exercise can positively affect muscular strength and endurance among youths is widely recognized 44 and has prompted national organizations to include resistance training as part of their PA recommendations for youths. 8, 9 The extent to which VPA more beneficially affects muscle fitness than does MPA apart from resistance training requires additional investigation.
VPA and Cardiometabolic Biomarkers
There is a growing body of evidence suggesting that VPA may be especially important as related to the cardiometabolic profiles of youths. 5 In this section, we examine VPA among youths as related to lipid profiles, glucose and insulin, and cardiovascular functions and dimensions.
VPA and Lipid Profile
In a cross-sectional study, Andersen et al 45 examined lipid profiles in 1732 boys and girls 9 to 15 years of age who participated in The European Youth Heart Study. Participants wore accelerometers for 4 consecutive days including 2 school days and 2 weekend days. PA was characterized by accelerometer cpm. Small, but significant, inverse correlations were observed between cpm and total cholesterol (TC; r = −.09) and triglycerides (r = −.10) but not for high-density lipoprotein cholesterol (HDL-C; r = .01). The researchers also calculated a composite cardiometabolic risk factor score for each participant based on systolic blood pressure, triglycerides, TC/HDL-C, insulin resistance, sum of skinfolds, and aerobic fitness. They then assigned participants to quintiles of PA based on cpm. Participants in the highest PA quintile were the only ones to average more than 4000 cpm. Youths in the least active PA quintile were 3.29 times more likely to have a poor composite risk factor score compared to those in the highest PA quintile. Youths in the fourth PA quintile were 2.03 times more likely to have a poor composite risk factor score compared to those in the highest PA quintile.
Bailey et al 46 examined PA intensity and cardiometabolic biomarkers in a group of 100 youths aged 10 to 14 years participating in the Health and Physical Activity Promotion in Youth (HAPPY) study. PA was determined from 7 days of accelerometry and classified as moderate (970-2332 cpm) and vigorous (>2333 cpm). Neither MPA nor VPA was significantly associated with blood lipids (triglycerides or TC/HDL ratio). Similarly, Ekelund et al 47 did not find VPA to be more highly associated with blood lipid values than was total PA when analyzing data from 1709 participants in the European Youth Heart Study. CPM of >4000 was used to distinguish VPA from MPA.
In the controlled intervention study mentioned above, Racil et al 27 found that the high-intensity training group decreased TC and low-density lipoprotein cholesterol (LDL-C) to a greater extent than did the moderateintensity training group. Changes in triglycerides were not significantly different between the groups. HDL-C increased significantly following training in both groups, but not significantly more in the high-intensity group. In the controlled intervention by Tjonna et al, 15 mentioned above, data on cardiometabolic risk factors were obtained at baseline, 3 months, and 12 months from the vigorous intensity interval training group and the multidisciplinary intervention group. Neither the HDL-C nor triglyceride values differed significantly between the groups at 3 or 12 months, although the vigorous intensity interval training group experienced a significant within-group increase in HDL-C at the end of the 3-month training period compared to baseline.
Gutin et al 48 examined changes in lipid profiles (HDL-C, LDL-C, triglycerides) in 242 youths 8 to 12 years of age considered at increased cardiometabolic health risk (ie, black girls). Girls were randomized to a 10-month after school PA intervention or a nonintervention control group. The intervention included 25 minutes of skills development, 35 minutes of VPA, and 20 minutes of toning and stretching. Participants wore heart rate monitors during all activity sessions and were taught how to maintain heart rates above 150 bpm during the 35-minute VPA segment. After 10 months, the intervention led to a significant beneficial effect on LDL-C, but no significant associations between PA intensity and changes in lipids were observed within the intervention group. The authors speculated that the lack of association may have been related to the fact the researchers tried to keep all the children working at a relatively high intensity, which may have limited the variability in heart rate values to such an extent that no significant relationships emerged. In addition, they noted that if, in fact, there is a cause-effect relationship between VPA and some biomarkers, descriptive studies are more likely to show it, for 2 reasons. First, descriptive studies typically have large numbers of subjects, providing substantial statistical power. Second, they may show relationships that have evolved over long periods of variation in PA (eg, months and years). On the other hand, controlled interventions typically have smaller sample sizes and relatively short durations, so the relationships of interest may not have evolved enough to be statistically significant. They add that a meta-analysis might be helpful here.
In summary, although the results are not uniform, the research presented favors the suggestion that increased levels of VPA are associated with improved blood lipid profile, although there are some notable exceptions. [46] [47] [48] 
VPA and Glucose-Insulin
Researchers in the European Youth Heart Study found that higher accelerometry derived counts per minute (>4000) of PA were associated with lower levels of blood glucose and insulin. 45 On the other hand, Bailey et al 46 did not find significant associations between either MPA or VPA and blood glucose levels in the 100 youths involved in the HAPPY study mentioned above. Notably, the cutpoint for VPA in this study was set at a relatively low value of 2333 cpm.
Prospective data from the Amsterdam Growth and Health Longitudinal Study suggest the importance of VPA during youth for future cardiometabolic health in that participants suffering from the metabolic syndrome at age 36, compared with those without the syndrome, showed a marked decrease in the amount of VPA engaged in since age 13. 49 VPA was defined as >7 METs, whereas light-to-moderate PA was defined as 4 to 7 METs.
The results of several controlled interventions suggest VPA may be more effective in lowering glucose-insulin levels in youths than lesser PA intensities. In the 3-month exercise intervention by Tjonna et al, 15 in which the participants engaged in either twice weekly vigorousintensity interval training or a multidisciplinary intervention, vigorous interval training induced more favorable regulation of glucose and insulin compared to the less vigorous multidisciplinary intervention.
In their comparison of 12 weeks of high-intensity versus moderate-intensity interval training, Racil et al 27 saw no decline in blood glucose in either group, but the high-intensity interval training group experienced a significantly greater decline in insulin than did the moderateintensity group. Corte de Araujo et al 42 reported that changes in insulin and blood glucose were similar in obese adolescents randomized to either 12 weeks of high-intensity interval training (3-6 sets of maximal effort 60-second sprints) or 30 to 60 minutes of continuous endurance exercise at 80% of peak heart rate. Lee et al 31 compared the effects of 3 months of aerobic versus resistance training on insulin sensitivity in a group of 45 obese adolescent boys. The aerobic training group exercised 3 times per week for 60 minutes on treadmills, cycle ergometers, and elliptical trainers at a moderate intensity (60% to 75% of VO 2peak ). The resistance training group participated in three 60-minute training sessions per week that included a series of 10 whole-body exercises, performed 2 sets of each exercise, to the point of fatigue. Resistance exercise, but not aerobic exercise, was associated with significant improvements in insulin sensitivity. In the study mentioned above by Gutin et al 48 involving 8-to 12-year-old black girls, no association between PA intensity and blood glucose or insulin was observed after 10 months of training.
Finally, in a brief experimental study, Cockcroft et al 50 had 9 adolescent boys complete 2 separate exercise sessions on a cycle ergometer on different days including a high-intensity interval session and a moderate-intensity interval session. The high-intensity session involved 8 repeated bouts of 1 minute of cycling at 90% of maximal power output interspersed with 1.25 minutes of recovery. The moderate-intensity session consisted of continuous cycling at 90% of gas exchange threshold for a duration that matched the mechanical work accomplished during the high-intensity session. An oral glucose tolerance test was performed after each exercise session with the results showing that the high-and moderate-intensity exercise sessions were equally good at lowering postexercise areas under the curve for insulin and glucose. The authors noted, however, that the favorable responses were accomplished in a more time efficient, yet equally enjoyable, manner during the high-intensity sessions (22.8 vs 28.9 minutes), suggesting the shorter time commitment of high-intensity interval training might be considered an attractive alternative to moderate-intensity training.
Although the data are not extensive, a tentative conclusion that VPA is more beneficial than MPA for the glucoseinsulin profile of youths seems justified. The large European Youth Heart Study 45 and the Amsterdam Growth and Health Study 49 provide observational support for that conclusion. In addition, 3 of the 5 controlled interventions mentioned here reported that higher-intensity exercise was associated with improved insulin levels, 15, 27, 31 although only one of those 3 studies reported that glucose was lower in association with VPA. 15 See Table 3 for study summaries.
VPA and Cardiovascular Functions and Dimensions
A number of researchers have reported on the associations between VPA and cardiovascular functions and dimensions. Blood pressure has been the function most frequently examined and will be reviewed first, followed by isolated studies reporting on VPA and flow-mediated dilation, carotid artery health, endothelial function, and left ventricular parameters.
In their cross-sectional analysis of data from 605 youth aged 9 to 17 years from the Healthy Hearts Prospective Study, Hay et al 12 reported on the associations between PA intensities and systolic blood pressure (SBP). PA was obtained from accelerometry and divided into tertiles of light, moderate, and vigorous intensity. Only VPA was consistently associated with lower levels of SBP. Achieving more than 7 minutes per day of VPA was associated with a reduced adjusted odds ratio for elevated SBP. Bailey et al 46 observed a significant inverse association (r = −0.27, P < .05) between VPA and diastolic blood pressure in the 100 youths participating in the HAPPY study mentioned above. MPA was not significantly associated with diastolic blood pressure. On the other hand, Gaya et al 51 did not find a significant association between amount of time spend in VPA assessed by accelerometry (>3000 cpm) and systolic blood pressure in a group of 163 adolescent boys and girls who wore accelerometers for at least 4 days. Again, part of the lack of association in this study may have been due the relatively modest cutpoint of 3000 cpm for VPA. Gutin et al 48 did not observe a significant association between PA intensity and blood pressure in black girls following a 10-month after school exercise program.
In the 2-year prospective cohort study by Carson et al, 26 mentioned above, decreases in systolic blood pressure were observed across quartiles of baseline VPA, but did not reach statistical significance (P trend = .06). In the training study by Buchan et al, 14 (2011) mentioned above, SBP was significantly reduced in the group of adolescents exposed to 7 weeks of high-intensity training but not in the group engaging in moderate-intensity training. Thus, relative to blood pressure, the weight of the evidence suggests VPA has a beneficial effect among youths over and above that provided by MPA.
Relative to cardiovascular functions other than blood pressure, Hopkins et al 52 examined the relationship between PA intensity and vascular function in 129 children (mean age = 10.3 years) assessed from measurements of flow-mediated dilation (FMD). Brachial artery FMD was expressed as a percent change in arterial diameter (FMD%) and normalized for differences in the eliciting shear rate stimulus between subjects using area under the curve (AUC) data, resulting in an FMD%/ SR AUC variable used for analysis. The variable was then split into tertiles from most impaired to least impaired vascular function. PA was determined from 7 days of accelerometry and compared to accelerometer cpm associated with treadmill running speeds obtained during a maximal treadmill test. These data allowed the researchers to determine the number of minutes spent per day by each participant in quartiles of increasing PA intensity. The results showed that significant correlations existed between minutes spent in the 2 upper PA intensity quartiles and impaired vascular function, particularly in those children in the lowest (most impaired) FMD%/SR AUC tertile. No such relationship was observed between PA intensity levels in children in the healthy upper tertiles of vascular function. These finding prompted the authors to suggest that interventions focused on increasing the amount of high-intensity PA may be the most beneficial in improving vascular function in youths at risk of future cardiovascular disease.
Ried-Larsen et al 53 did not find that VPA (>5160 cpm) was significantly associated with carotid artery thickness or stiffness in a group of 336 Danish adolescents participating in the European Youth Heart Study who wore accelerometers for 7 consecutive days. The authors noted, however, that the amount of time spent per day in VPA was low and showed little variation, which may have limited statistical power in the analysis.
Tjonna et al 15 reported that 3 months of high-intensity (90% of max heart rate) interval training enhanced endothelial functional in adolescents to a greater extent than did 3 months of a multidisciplinary program. Obert et al 54 assessed left ventricular health in 50 healthy children 9 to 11 years of age participating in either 2 months of high-intensity training or 2 months of normal activities. The high-intensity training sessions took place 3 times per week and consisted of interval run training for 25 to 30 minutes per session at intensities varying between 100% and 130% of maximal aerobic velocity. Left ventricular wall thickness and mass, as well as shortening fraction, were not affected by training. The authors speculated that prolonged and intensive stimuli may be required to induce significant improvements in diastolic function in healthy young hearts.
The bulk of the research favors the conclusion that VPA has a more favorable impact on cardiovascular dimensions and functions than does PA of lower intensity although, with the exception of blood pressure, only isolated studies exist for most of the variables discussed in this section. See Table 3 for study summaries.
VPA and Cognitive Function
Although research on the effects of acute exercise on cognitive performance among children is relatively limited, it appears that a single bout of exercise, without regard to intensity, can have a transient positive effect on cognitive performance. 55 In another study, when compared to less aerobically fit children, aerobically fit children demonstrated greater cognitive processing speed on performance tasks that call for higher order computational processes related to executive control or executive function. 56 Daily moderate-to-vigorous PA was not associated with these functions. The extent to which PA intensity affects these results is unclear. Relative to academic achievement, Coe et al 57 found that among 214 sixth-grade students greater levels of VPA were associated with higher grades, particularly in students meeting the Healthy People 2010 recommendations for VPA of at least 20 minutes per day at least 3 days per week. Levels of MPA were not associated with higher grades. To be sure, additional research is needed to clarify the exercise intensity-cognitive function relationship among youths. See Table 4 for study summaries.
Caveats Associated With VPA in Youth
Two potential caveats associated with increased VPA in youths relate to possible increased injury risk and lessened exercise adherence. 58 Although data on adverse events that result when youths are encouraged to participate in VPA are relatively sparse, the existing research appears to support the notion that VPA is safe. For example, Buchan et al 14 Relative to adherence, Corte de Araujo et al 42 reported that adherence rates were similar in obese adolescents randomized to 12 weeks of high-intensity interval training (3-6 sets of maximal effort 60-second sprints) or 30 to 60 minutes of continuous endurance exercise at 80% of peak heart rate. In the high-intensity group, 86.9% of the participants completed the program versus 85.5% of the endurance training participants. Murphy et al 60 reported that 7 of 9 (78%) obese teens participating in a 4-week high-intensity interval training program completed the training compared to 6 of 8 (75%) obese teens participating in 4 weeks of continuous aerobic training sessions. In a poststudy survey, 6 of the 7 high-intensity exercise participants said they desired to continue with the high-intensity type of training. These results, coupled with the recommendation by Gutin 61 that unfit or obese youths gradually build up from lower to higher doses of PA volume and intensity for avoidance of injury and undue fatigue, seem to place calls for increased VPA among youths on solid footing.
VPA in National Activity Guidelines for Youths
Nationally recognized organizations have been publishing PA guidelines for youths for more than 25 years. The American College of Sports Medicine's first set of youth guidelines, published in 1988, recommended that youths obtain 30 minutes of vigorous exercise each day. 62 The current physical activity guidelines from the US Department of Health and Human Services state that children and adolescents should do 60 minutes or more of physical activity daily, most of which should be either moderate-or vigorous-intensity aerobic physical activity, and should include vigorous-intensity physical activity at least 3 days a week. 8 The 2014 position stand from the Canadian Society for Exercise Physiology says vigorousintensity activities and activities that strengthen muscles and bone are recommended at least 3 days per week. 9 Clearly, VPA for children is being widely recommended. Unfortunately, it appears that only about 28% of American youth aged 6 to 17 engage in VPA on a daily basis. 63 Thus, even though enhancing our understanding of the true nature of the relationship between VPA and well-being among youths is an important goal, addressing the lack of participation in daily VPA by our youth is of equal, if not greater, importance.
Recommendations for Future Research
Answering questions regarding the minimal necessary dose and possible optimal dose of VPA to bring about the health benefits discussed in this review is a major research goal, as is determining whether minimal and optimal doses very across the health benefit in question. The extent to which developmental stage and gender interact with these relationships adds additional levels to the research challenge, as does the need for intervention studies of longer duration comparing VPA and MPA so questions relative to the time course of changes and long-term benefits of VPA compared to MPA can be addressed. While much of the evidence suggesting a beneficial relationship between VPA and health outcomes in youths is observational in nature, it should not be discounted. It has been noted that observational studies often have large numbers of subjects, which provides statistical power, and they may reveal relationships that have evolved over long periods (months or years) of variation in PA. 48 Still, the larger goal of establishing cause-and-effect relationships between VPA and health outcomes requires results from additional randomized controlled trials. To date, most of the randomized controlled trials had relatively small numbers of children and relatively short durations. Therefore, firm conclusions await the accumulation of studies in a meta-analysis in order to provide significant power.
Although beyond the scope of this review, another area in need of investigation concerns the physiologic mechanisms underlying the relations between physical activity intensity and various outcome variables. For example, favorable changes in bone might be derived from the direct mechanical stimulation of VPA, whereas favorable changes in cardiometabolic biomarkers may be derived from the metabolic effect of sustained amounts of time spent at lower intensities of physical activity.
Conclusions
This review has examined VPA and MPA from the perspective of which better contributes to selected health outcomes in youths. In general, it appears that engaging in VPA is more advantageous for youths than is MPA, but the strength of the relationship appears to vary with the health outcome under consideration. The results from cross-sectional, prospective cohort, and controlled interventions indicate the case is strong for favoring VPA over MPA relative to adiposity in youths. Relative to muscle mass, the number of relevant studies, especially controlled interventions, is more limited than for adiposity. As such, it cannot be said at this time that VPA is superior to MPA for this component of body composition. Regarding bone health, a strong case can be made in favor VPA over MPA with all study types supporting this conclusion.
Two components of physical fitness were reviewed here, aerobic fitness and muscle fitness. Although VPA has been shown to be an effective strategy for improving the aerobic fitness of youths, most of the current data suggest that MPA is equally effective. At the same time, a number of researchers have noted there is a time-efficiency component that favors VPA over MPA and that this factor may be an important consideration when recommending physical activity for youths. Regarding muscle fitness, although it is widely recognized that resistance exercise can enhance muscle strength and endurance among youths, there are insufficient data to determine whether VPA, apart from resistance training, is more beneficial than MPA for the muscle fitness of youths.
Regarding VPA and cardiometabolic biomarkers among youths, blood lipids and blood pressure have been the most frequently examined. In general, it can be concluded that increased levels of VPA among youths are associated with improved blood lipid profiles. Most of research also indicates a blood pressure benefit for engaging in VPA as opposed to MPA. VPA appears to be more beneficial than MPA for youths in terms of insulin profile, but the data are less clear regarding blood glucose. There is too little published research on other components of cardiovascular function and dimension, such as flow-mediated dilation, carotid artery health, endothelial function, and left ventricular mass and function to draw conclusions as to the efficacy of VPA over MPA.
The available research on PA intensity and cognitive function among youths is sparse, and no definitive conclusion on the benefits of VPA versus MPA can be drawn. On the other hand, the available data suggest that VPA is safe for children and that it does not appear to lessen adherence to exercise. AJLM
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